Hydropericardium syndrome (HPS) is an important emerging disease causing huge economic losses to the poultry industry. HPS affects mainly 3- to 6-week-old broilers and rarely occurs in breeding and laying flocks \[[@r4], [@r6]\]. The major gross pathologic lesion associated with HPS is hydropericardium characterized by pericardial effusion with a clear accumulation of straw-colored pericardial fluid. Other lesions include enlargement and discoloration of the liver with hemorrhagic or necrotic foci \[[@r2], [@r14], [@r17], [@r18], [@r25]\]. The first recorded outbreak of HPS was observed in 1987 at Angara Goth, Pakistan. Since then, similar cases have subsequently been reported in several other parts of the world \[[@r1], [@r2], [@r4], [@r5], [@r13], [@r17], [@r32]\]. Until 2015, the prevalence of HPS was relatively low and only sporadic in China. However, since 2015, a significant increase in the HPS outbreak began in the various production areas of broilers in China \[[@r20], [@r28], [@r34]\]. Epidemiological studies on HPS outbreaks have shown that the HPS is mainly caused by a fowl adenovirus serotype 4 (FAdV-4) of FAdV-C \[[@r2], [@r3], [@r7], [@r13], [@r22]\], although other agents may also be involved \[[@r29],[@r30],[@r31]\].

Fowl adenovirus belongs to the family *Adenoviridae*, which can be divided into five genera: *Mastadenovirus*, *Aviadenovirus*, *Siadenovirus*, *Atadenovirus*, and *Ichtadenovirus* \[[@r4], [@r6]\]. Within the genus *Aviadenovirus*, FAdVs are divided into five species, designated as A--E, based on the restriction endonuclease cleavage patterns and sequence data, and then subdivided further into serotypes \[[@r11], [@r12]\]. FAdVs have been associated with a series of infections including inclusion body hepatitis, HPS, and gizzard erosion in chickens and other birds \[[@r4], [@r24], [@r26]\]. A previous study revealed that 2015 Chinese serotype 4 FAdVs had 33-nt or 66-nt deletions in open reading frame (ORF) 29 compared with 2013 Chinese serotype 4 FAdV \[[@r34]\].

The present study reported an HPS case that occurred in a 100-day-old replacement pullet flock with 60% mortality, which was characterized by the accumulation of a clear, straw-colored fluid in the pericardial sac. The causative agent was isolated, and its genetic properties were analyzed. This study might provide novel insights into the epidemic and pathogenic characteristics of FAdVs causing HPS in replacement pullets.

MATERIALS AND METHODS {#s1}
=====================

Sample collection and virus isolation
-------------------------------------

An HPS case was occurred in a 100-day-old replacement pullet flock in Guangdong province, with a high mortality of up to 60%. Sick chickens showed diarrhea, ataxia with the gross lesions of the accumulation of a clear, straw-colored fluid in the pericardial sac. The pathogen isolation and identification were carried out according a study described previously with some modifications \[[@r8]\]. Briefly, tissue samples were collected from livers and the bacterial isolation was carried out. The livers and hearts of the affected replacement pullets and homogenized in Dulbecco's modified Eagle's medium. The tissue suspensions were subjected to three rounds of freeze-thawing before centrifugation at 5,000 rpm for 15 min at 4°C. Then, the supernatants were filtered through a 220-nm membrane and used for polymerase chain reaction (PCR) assays to detect FAdV-4. The PCR assays were conducted to detect Hexon of FAdV-4 using specific primers (5′-GCC GTC CTT CAA GCC CTA CTG C-3′ and 5′-GAC TTG GCG AAG CGA CCG A-3′). The PCR/RT-PCR for the detection of Avian influenza virus, Newcastle disease virus, Chicken infectious bronchitis virus, Avian cerebrospinal virus, Chicken leukemia virus, Infectious bursal virus, Avian metapneumovirus and Inclusion body hepatitis were also carried out. FAdV-positive supernatants were inoculated into 9-day-old specific-pathogen-free (SPF) chicken embryos via the choriollantoic membrane route, and the presence of FAdV-4 was confirmed using PCR and sequencing. The isolate was designated as GDMZ strain.

For observation using electronic microscopy, virus in the allantoic fluid of GDMZ-infected embryos was clarified by centrifugation at 8,000 rpm for 30 min using a Ti19 rotor (Beckman coulter, Brea, CA, U.S.A.) at 4°C. The supernatant was collected, overlaid onto a 20% sucrose solution, and then centrifuged at 50,000 rpm for 3 hr at 4°C in a Ti70 rotor (Beckman coulter). The pellet was resuspended in TE buffer (10 mM Tris, pH 8.0, 1 mM EDTA). The virus preparations were stained with phosphotungstic acid and observed under an electron microscope.

Animal experiment
-----------------

In order to detect the viral pathogenic properties in chickens, groups of ten 14-week-old white SPF chickens was inoculated intramuscularly with 100 EID~50~ (50% egg infectious dose) of virus or mocked infected with phosphate-buffered saline and monitored daily for two weeks.

Another animal experiment was carried out with the isolated strain through the same route described above (ten birds per group). For the viral replication kinetics in chickens, a total of five chickens from each group were euthanized on day 3 after inoculation and their hearts, livers, spleens, lungs, kidneys, brains, and pancreases were sampled for virus titration using the EID~50~ assay. For a histological examination, tissue samples (heart, liver, spleen, lung, kidney, brain, and pancreas) from affected birds were fixed in 10% neutral buffered formalin, embedded in paraffin wax, and cut into sections. The sections were stained with hematoxylin and eosin and examined for lesions using light microscopy. The remaining birds were monitored daily for a week. All animal experiments were approved by animal welfare committee of Fujian Academy of Agricultural Sciences (No.1306129FAAS).

Sequencing
----------

Viral DNAs were extracted using a QIAamp DNA Mini Kit (Qiagen, Valencia, CA, U.S.A.) according to the manufacturer's protocol. Finally, DNA was eluted in 50 *µl* of elution buffer and stored at −80°C until use. A total of 45 pairs of specific primers were designed according to the FAdV-4 CH/JSXZ/2015 strain (accession number: KU569296) to amplify the GDMZ genome. Each pair of the neighbored primer was overlapped, and the amplified fragments were within 1,500 bp. PCR was performed using 2 *µl* of template DNA in a total volume of 50 *µl* containing 25 *µl* of 2 × EasyTaq PCR SuperMix (TransGen Biotech, Beijing, China), 2 *µl* of upstream primers (20 *µ*M), 2 *µl* of downstream primers (20 *µ*M), and ddH~2~O up to 50 *µl*. The thermal cycling conditions were as follows: 95°C for 5 min (1 cycle); 94°C for 45 sec, 53--62°C for 45 sec, 72°C for 90--150 sec (35 cycles); 72°C extension for 10 min (1 cycle). The PCR fragments were purified and sequenced in both directions using an ABI 3730XL DNA Analyzer (Applied Biosystems, Foster City, CA, U.S.A.) by BioSune Biotech Co., Shanghai, China. The viral genomic sequence of the FAdV-4 GDMZ isolate was assembled using the Lasergene sequence analysis software package (DNASTAR Inc., Madison, WI, U.S.A.) and deposited in GenBank.

Sequence analysis
-----------------

The nucleotide and deduced amino acid sequence of the FAdV-4 GDMZ isolate were analyzed using the MegAlign program of the Lasergene software package. Phylogenetic trees for each major structural gene segment were constructed using the neighbor-joining method with 1,000 bootstrap replicates using the MEGA 4 software.

Statistical analysis
--------------------

Comparisons of experimental groups were estimated by Student's *t*-test with two-tailed analysis to determine significant differences. If a *P*-value was found to be less than 0.05, then the result would be considered statistically significant.

RESULTS {#s2}
=======

Virus isolation
---------------

Heart and liver samples from affected replacement pullets were processed for virus isolation using embryonated SPF chicken eggs, and the embryos died 5--6 days after inoculation. The allantoic fluids were then harvested for passaging. At the fifth passage, the allantoic fluid had an infectivity titer of 10^3.0^ EID^50^/m*l*. The isolated virus was named as GDMZ strain.

Using specific primers for the conserved hexon gene of FAdV-4, a band of \~300 bp was amplified from GDMZ, indicating that the GDMZ was positive for FAdV-4. The PCR products were sequenced and BLAST search ( <https://blast.ncbi.nlm.nih.gov/Blast.cgi>) were performed. The result showed that GDMZ shared high homologies with FAdV-4 counterparts. The virus preparations were stained with phosphotungstic acid, and the presence of spherical particles ranging between 60 and 80 nm was observed under an electron microscope ([Fig. 1](#fig_001){ref-type="fig"}Fig. 1.Electron microphotograph showing the characteristic morphology of fowl adenovirus serotype 4 GDMZ strain (bar=200 nm).). This data, along with the sequencing results of the PCR products, suggested that the causative agent has been isolated and identified as an FAdV-4 isolate.

Mortality and viral load in SPF chickens infected with FAdV-4 GDMZ
------------------------------------------------------------------

The animal experiment showed that FAdV-4 GDMZ was highly virulent for chickens with a mortality rate of 100%, which started on day 3 after inoculation, peaked, and ended on 4 days post-inoculation. Chickens infected with FAdV-4 GDMZ showed waterly diarrhea, ataxia and acute death within a few min. To detect the viral replication kinetics in chickens, SPF chickens were inoculated intramuscularly with 100 EID50 viruses. On day 3 after inoculation, five chickens from each group were euthanized for post-mortem examinations. The typical HPS gross lesions characterized by an accumulation of straw-colored clear fluid in the pericardial sac were observed ([Fig. 2](#fig_002){ref-type="fig"}Fig. 2.Postmortem examinations of the heart from affected birds with hydropericardium syndrome (HPS). The accumulation of clear, straw-colored fluid in the pericardial sac.).

The viral load of FAdV-4 in different tissues of SPF chickens was determined using the EID50 assay. The viral loads in all tissues were higher than 10^2^ EID50/g, and the viral titers in livers were significantly higher (*P*\<0.01) compared with those in any other tissues ([Fig. 3](#fig_003){ref-type="fig"}Fig. 3.Dynamic distribution of the novel FAdV-4 in experimentally infected SPF chickens. On days 3 post-inoculation, affected chickens were euthanized and their hearts, livers, spleens, lungs, kidneys, brains, and pancreases were sampled for virus titration through EID50 assay (*P*\<0.01).). All chickens in the control group remained clinically healthy and negative for the virus.

Histopathology in different tissues
-----------------------------------

Tissues of the heart, liver, spleen, lung, kidney, brain, and pancreas of chickens in different groups were collected 3 days after challenge, fixed, cut into sections, and stained with hematoxylin and eosin ([Fig. 4](#fig_004){ref-type="fig"}Fig. 4.Histological examinations of the liver and heart from affected birds with hydropericardium syndrome (HPS). (A) Small multifocal areas of necrosis and basophilic intranuclear inclusion bodies in hepatocytes (H&E stain, original magnification × 400, scale bar=100 *µ*m). (B) Histological examinations of the liver from control birds (H&E stain, original magnification × 400, scale bar=100 *µ*m). (C) Lymphocytic infiltrates in association with myocarditis (H&E stain, original magnification × 400, scale bar=100 *µ*m). (D) Histological examinations of the heart from control birds (H&E stain, original magnification × 400, scale bar=100 *µ*m).). Various histopathological changes were observed in different tissues of chickens in the infection group: degeneration, vacuolar necrosis, and basophilic inclusion bodies in liver cells; vacuolar necrosis in kidney cells; vacuolar changes in heart cells; and severe reduction and necrosis of lymphocytes evident in the spleen. No significant histopathological damage was found in chickens of the control group.

Genome sequencing and sequence analysis
---------------------------------------

The complete genomic sequence of FAdV-4 GDMZ isolate was sequenced and deposited in GenBank with accession number MG856954. The full-length genome of GDMZ was 43,723 bp. The G + C content of GDMZ was 54.87%, which was similar to those of other reported FAdV-4 strains. The predicted ORFs were consistent with those of FAdV-4 KR5, except for the deletions of ORF19, ORF27, and ORF48 in the genome of GDMZ \[[@r10], [@r15], [@r21], [@r33], [@r35]\]. A 1,966-bp deletion was located at 35,413--37,378 bp compared with the nucleotide positions within the KR5 genome. The deletion was in the right-end region of the genome of FAdV-4 GDMZ compared with FAdV-4 KR5, resulting in the absence of ORF19, ORF27, and ORF48 \[[@r21]\]. In addition, a deletion was located at 44,492--44,518 bp compared with the nucleotide positions within the KR5 genome contributed a deletion in ORF19A ([Fig. 5](#fig_005){ref-type="fig"}Fig. 5.Comparison of the complete genome of FAdV-4 GDMZ and other FAdV-4 counterparts. (A) A 1,966-bp deletion located at 35,413--37,378 bp compared with the nucleotide positions within the KR5 genome, resulting in the absence of ORF19, ORF27, and ORF48. (B) A deletion located at 44,492--44,518 bp compared with the nucleotide positions within the KR5 genome contributed a deletion in ORF19A.).

The phylogenetic tree of FAdV-4 hexon protein gene was constructed employing a neighbor-joining method based on already available hexon protein sequences in GenBank. The results of the phylogenetic analysis showed that FAdV-4 GDMZ and other Chinese FAdV-4 isolates clustered into a distinct group within FAdV-C. However, other FAdV-4 isolates did not show a strict clustering. A phylogenetic analysis based on the available fiber 1 and fiber 2 gene sequences also showed that all Chinese FAdV-4 isolates clustered together ([Fig. 6](#fig_006){ref-type="fig"}Fig. 6.The results of phylogenetic analyses based on the nucleotide sequences of the currently available hexon (A), fiber 1 (B), fiber 2 (C) gene sequences of FAdV-4 isolates and other FAdV species. The trees were generated by the neighbor-joining method with bootstrap tests of 1,000 replicates using the MEGA 4 software. Bootstrap values are presented at key nodes. The scale bars indicate the nucleotide substitutions per site. Filled circles indicate HPS-inducing FAdV-4 strain GDMZ.).

DISCUSSION {#s3}
==========

In recent years, severe outbreaks of HPS have increasingly emerged in chicken flocks in several Chinese provinces. Most cases were observed in broilers aged 3--5 weeks. Mortality reported during these outbreaks varied from a slight increase to more than 30% in severe cases, and FAdVs were isolated from all the cases \[[@r35]\]. The present study reported an HPS case that emerged in a replacement pullet flock aged 100 days. An FAdV-4 named as GDMZ was isolated, which was consistent with a previous study demonstrating that HPS occasionally occurred in layers and breeder pullets aged 10--20 weeks \[[@r35]\]. However, clinical cases and animal experiment showed that FAdV-4 GDMZ was highly virulent for replacement pullets, which was not consistent with prior knowledge describing that HPS also rarely occurred in breeding and laying flocks with lower mortality rates \[[@r20]\]. Hence, the findings needed further investigation.

The factors determining the infection are still unclear due to the limited information available on the pathogenic and genetic properties of FAdVs. To date, the complete genome sequences available from FAdVs that infected replacement pullets were limited. Recently, FAdV-4 isolates were reported in China, providing limited information \[[@r20], [@r34], [@r35]\]. No previous studies have reported the whole genome of FAdVs infecting the replacement pullets in China. Consequently, the findings of the present study might enrich the knowledge regarding the FAdV genomes and their pathogenesis.

Similar to the recent Chinese FAdV-4 isolates, the genome of the FAdV-4 GDMZ differed in size from the previously reported FAdV-4 strains despite its pathogenic characteristics \[[@r10], [@r21], [@r33]\]. Alignment of the FAdV-4 GDMZ genome sequence with that of FAdV-4 strains available in GenBank showed various nucleotide sequence deletions, which was consistent with FAdV-4 recently prevailing in China. The influence of these deletions and sequence differences in various regions of the genomes of Chinese isolates on viral replication and pathogenicity remains to be explored further. However, the fact that strain FAdV MX-SHP95 with its truncated ORF19 is highly pathogenic implied that the deletion of ORF19 and/or ORF27 might influence the virulence of the novel FAdV-4 GDMZ isolate, which was consistent with the results of Ye *et al* \[[@r34]\] and Liu *et al* \[[@r20]\]. ORF19 is considered as a lipase homologue \[[@r9]\]. It is demonstrated that the lipase might be important in replication and pathogenicity of virus because mutantion in *v-Lip* of the Marek's disease viruses causes a significantly lower incidence of Marek's disease in chickens and resulted in enhanced survival relative to two independently produced vLIP revertants or parental virus \[[@r16], [@r19]\]. It would be interesting to know if the lipase ORFs from the analyzed FAdV genomes are also important in virus replication *in vivo* and in pathogenesis. Hexon is one of the major structural proteins of FAdV. It contains group-, type-, and subtype-specific antigenic determinants to raise different antibodies \[[@r23]\]. A phylogenetic analysis of the hexon gene showed that all Chinese FAdV-4 isolates clustered into a distinct group within FAdV-C. The fiber protein is associated with virus neutralization, cellular receptor binding, tissue tropism, and variations in virulence \[[@r27]\]. The fiber gene can also be used to differentiate the HPS-inducing FAdV-4 isolates from other FAdV-4 strains \[[@r22]\]. The phylogenetic analysis based on the fiber 1 and fiber 2 gene sequences also revealed that all Chinese FAdV-4 isolates clustered together.

In summary, the present study reported an HPS case in replacement pullets infected with FAdV-4 in China, which was different from other reports on broil infection. The findings of this study might enrich the knowledge regarding the FAdV genomes and their pathogenesis.
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